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Abstract 
Kluting, K. 2021. Fungal molecular ecology in boreal forests and challenges associated 
with unidentified environmental DNA sequences. Digital Comprehensive Summaries of 
Uppsala Dissertations from the Faculty of Science and Technology 2099. 61 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1356-6. 

Many fungi are characteristically difficult to observe and collect, making the process of 
documenting the world’s fungal diversity challenging. The vast majority of fungal species are 
undescribed. The use of DNA sequencing technologies has revolutionized the study of fungal 
diversity by facilitating the detection of new species, the investigation of community structure 
and dynamics, and the elucidation of evolutionary relationships. In this dissertation, I focus on 
filling in some of the many gaps in our understanding of fungal diversity and community ecology 
in boreal pine forests through the use of DNA sequence data. In the first half of this thesis, a 
metabarcoding approach is used to study the composition of fungal communities found in the 
soil of a Lithuanian coastal pine forest and in association with the bark beetle Tomicus 
piniperda in Swedish pine forests. In the second half, two different approaches are taken to 
describe taxa detected in environmental DNA. In paper I, I demonstrate how soil 
microhabitats, defined based on mineral vs organic soil type and root presence or absence, 
vary with respect to a suite of abiotic factors and shape fungal community composition 
belowground. These microhabitats support functionally and taxonomically distinct fungal 
communities and support the overall fungal diversity of the site through niche variation. In 
paper II, the relationships between a) the fungal communities found on and in bark beetles 
from forests that have been affected by forest fire and forests that have not, b) pine phloem 
that has been colonized by bark beetles and phloem that has not at two different post-
colonization time points, and c) phloem chemical nutrients are described. In paper III, the 
diversity of species within the fungal class Archaeorhizomycetes in the soil of a Swedish pine 
forest was studied, and two new species are described using an integrative taxonomic approach 
that relies on environmental DNA sequence data as taxonomical evidence. Finally, in paper 
IV, a new class is described to accommodate a lineage previously detected in environmental 
DNA, and its first known species is described based on isolates collected during the study 
of paper III, one of which serves as the type specimen. 
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Introduction 

The kingdom Fungi is made up of a recently estimated 2.2–3.8 million species 

(Hawksworth & Lücking, 2017). Collectively, these eukaryotic heterotrophs 

play a wide range of vital environmental roles and can be found virtually 

everywhere on Earth. They also demonstrate an incredibly wide range of 

diversity with respect to lifestyle, morphology and ecology, and they assemble 

into species-rich, complex communities. Yet, as of 2020, only approximately 

140,000 species are currently described (Lücking et al., 2020). This is less 

than 10% of the estimated global species richness of fungi. The reasons for 

our general lack of knowledge for most fungal species include high numbers 

of cryptic lifestyles, high occurrence of convergent evolution, and low 

numbers of useful morphological characters with respect to species 

delimitation (Cheek et al., 2020). Most fungi live primarily as fine, fragile 

thread-like structures called hyphae that come together in masses called 

mycelia, and these structures that can be difficult to detect and identify. 

Additionally, many fungi cannot be readily isolated and grown in pure culture 

using currently available methods; more than 99% of fungal species have not 

been successfully cultivated according to established protocols (Tedersoo et 

al., 2017). These characteristics make the study of fungal organisms and 

especially fungal communities in nature difficult. 

With the increased availability and deployment of DNA sequencing 

technologies, we begin to overcome some of these challenges. Studies using 

metagenomic and metabarcoding techniques provide new insight into these 

invisible yet ecologically vital communities, allowing us to study these 

characteristically elusive organisms in new ways. Such techniques allow us to 

see a comparatively more complete picture of a fungal community’s 

composition and of fungal diversity in general. We can begin differentiating 

between cryptic species and can detect the presence of species that are 

currently unculturable or species that do not produce conspicuous fruit bodies, 

for instance. These techniques provide insight into community composition 

that was previously not possible to acquire. At the same time, sequencing of 

environmental DNA has revealed the existence of entire deeply diverged 

lineages of previously unknown fungal taxa, some thought to represent class- 

and order-level lineages (Tedersoo et al., 2017). Often, some of the taxa that 

are among the most frequently detected or most abundantly observed (in terms 

of sequence read abundance) are unidentified fungi. A large number of 
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undescribed fungi are known to exist thanks to environmental studies that are 

based on amplicon sequencing (Nilsson et al., 2019a). The presence of ‘dark 

taxa’, or taxa known to exist only by environmental DNA, is commonly 

encountered and serves as a major complication for molecular ecological 

studies. 

The work presented in this dissertation is split into two complementary 

parts. In the first part, I will take you to the (mostly) invisible world of the 

fungi in the soil of a boreal coastal pine forest (paper I), in the guts of the bark 

beetle Tomicus piniperda (paper II), and in the phloem of pine trees affected 

by these bark beetles (paper II), made visible through DNA sequencing 

technology. The image we see, however, isn’t entirely clear due in part to the 

immense lack of knowledge regarding fungal diversity. Attempts at 

identifying the species found in an environment as detected via environmental 

DNA is not always possible, let alone identifying the factors involved in 

shaping community composition or the functional roles the species found in 

these communities might be playing. The second half of this dissertation is 

focused on identifying and describing new species. Since the vast majority of 

fungi are undescribed, the frequency with which we encounter dark taxa in 

fungal community data is no surprise. However, according to the International 

Code of Nomenclature for Algae, Fungi and Plants (ICNafp, previously 

known as the International Code of Botanical Nomenclature, ICBN), these 

taxa cannot (as of yet) be validly described and named validly because of the 

lack of a physical type specimen, even if multiple lines of evidence exist to 

hypothesize and test the boundaries of these putative species.  The need for 

tools to describe environmental DNA sequences is becoming increasingly 

relevant as new environmental studies emerge and reveal more and more dark 

taxa. In this dissertation, I will demonstrate one approach to describing 

voucherless fungi that utilizes phylogenetic and ecological evidence inferred 

from environmental sequence data (paper III). I will then tell the story of how 

one species—the first known species of a new class—that was previously 

known only by environmental DNA sequences was discovered and became 

eligible for valid description in compliance with the ICNafp (paper IV).  

Before introducing the main work of my dissertation (papers I–IV), I will 

provide a brief introduction into the field as well as some of the major 

methodology for investigating fungal diversity, highlighting fungal 

community analysis and taxonomy.  

Investigating fungal diversity using environmental DNA 

Molecular ecological techniques using environmental DNA are a cornerstone 

for characterising overall fungal diversity, detecting fungal communities in 

their natural habitats around the world. Metabarcoding approaches can 

provide an overall view of a microscopic community, which can be used to 
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reveal community composition patterns through space and time, and these 

patterns can sometimes be linked to ecological processes. This allows for 

testing hypotheses based on basic ecological concepts, even without 

taxonomically identifying the organisms detected. Unfortunately (but 

intriguingly), many of the organisms detected in these studies are unidentified; 

the only clue that we have of their existence is traces of their DNA detected 

in the environment. In this way, fungal molecular ecological studies have 

revealed a massive amount of previously undetected fungal diversity. Some 

of the goals of molecular ecological studies include understanding how 

communities assemble and shift, identifying species and their distributions, 

and determining the functional roles of taxa in the environment, but these 

goals become increasingly difficult if the sequences recovered from the 

environment indicate that some of the species in a given community are 

unidentified. Community analysis approaches using environmental DNA can 

still be useful to investigate community composition and functional dynamics, 

even if some or many of the most prominent taxa cannot be taxonomically 

identified to species, as will be demonstrated in papers I and II. 

Taxonomy is at the heart of furthering our understanding of fungal 

diversity, as it allows for the organization and communication of currently 

available knowledge regarding species and their evolutionary relationships to 

each other. The goals of taxonomy include discovering and describing new 

species, using phylogenetic relationships to classify them, and providing tools 

for identifying them (Hibbett et al., 2011).  Often, fungal species description 

and identification relies on morphology of microscopic characters, such as 

spores and sporulating structures. This poses a variety of challenges. For one, 

it is not uncommon for parts of the life cycle, perhaps either the sexual stages 

or the asexual stages, to be unknown for some described fungi. A single fungal 

species can look like entirely different species at different stages in the life 

cycle.  Before molecular tools were available, it was common that the same 

species was described multiple times as separate and seemingly distantly 

related species based on different stages of the life cycle. Typically, this occurs 

when the anamorph (the asexually reproducing portion of the life cycle) and 

the teleomorph (the sexually reproducing portion) are hypothesized to be two 

different species.  In the past, it was accepted under the Code of Nomenclature 

that the same species has two names based on these two stages of the life cycle.  

Complications can also arise for species identification when some (but 

typically not all) stages of the life cycle appear identical between species as a 

result of convergent evolution. DNA-based techniques have paved the way for 

resolving this issue of dual nomenclature, ushering in a new standard of ‘one 

name, one fungus’ (Hibbett & Taylor, 2013). Molecular-based techniques, 

like phylogenetic or phylogenomic inference, have helped to resolve some of 

these issues as well, for instance by allowing for the differentiation of cryptic 

species. The use of nucleotides as phylogenetically informative characters in 

place of (or complementary to) morphological ones provides a way to 
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elucidate taxonomic boundaries and to identify the evolutionary relationships 

between fungal species. These challenges, however, typically apply to species 

that have been observed, which is the vast minority of fungi. 

Perhaps the biggest challenge today for morphology-based taxonomy is 

that morphology is completely unknown for the majority of species.  

Molecular ecological studies using environmental DNA are quickly revealing 

huge numbers of unidentifiable species, even whole lineages (Tedersoo et al., 

2017). For example, Archaeorhizomycetes Rosling and T. James 

(Taphrinomycotina, Ascomycota) is a class of ancient fungi estimated to 

contain roughly 500 species (Menkis et al., 2014) that is commonly detected 

in DNA samples from all over the world (Porter et al., 2008); it has been 

detected in 101 environmental studies as of 2014 (Menkis et al., 2014). 

Despite its species being frequently and abundantly detected in environmental 

samples, the lineage was known entirely from environmental DNA sequences 

until 2011, and until today there are still only two species have been 

successfully cultured and described (Menkis et al., 2014; Porter et al., 2008; 

Rosling et al., 2011). Currently, it is only possible to formally and validly 

describe new species when a biological type specimen, or an illustration of 

one, is available and morphological diagnostic characters can be determined. 

This simply isn’t practical given the huge number of species known only from 

environmental DNA. Members of the mycological community must of course 

continue to develop new methods to facilitate the discovery of living 

representatives for unidentified environmental sequences, but the mycological 

community must also develop viable ways to classify environmental 

sequences, a challenge that can be viewed as a modern replacement for the 

dual nomenclature conundrum (Hibbett & Taylor, 2013). In paper IV, a new 

fungal class is described based on the discovery of a living representative for 

environmental sequences, and one approach to sequence-based taxonomy and 

nomenclature is demonstrated in paper III. 

Fungal community analysis 

Nuclear ribosomal DNA 

The nuclear ribosomal DNA (rDNA) region is a tandemly repeated unit that 

includes the Internal Transcribed Spacer (ITS), which is commonly used as 

the fungal ‘barcode’ marker (Schoch et al., 2012). The ITS includes two non-

coding and rapidly evolving regions on either side of the highly conserved 

5.8S gene (ITS1–5.8S–ITS2). On average, the whole ITS region is 

approximately 500–600 bp for Basidiomycota and Ascomycota, respectively, 

but can be as long as nearly 1000 bp (Blastocladiomycota) (Porter & Golding, 

2011).  On either side of the ITS are two coding regions, the 18S ribosomal 

RNA gene (small subunit; SSU) to the 5' end, and the 28S rRNA gene (large 

subunit; LSU) to the 3' end (SSU–ITS1–5.8S–ITS2–LSU). This region is 
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useful in molecular fungal ecology for a few key reasons. First, it is present as 

a tandem repeat region, so the relatively high number of copies of the genes 

within a genome make it easier to amplify from trace amounts of DNA than 

single copy genes. Next, its subsets vary in rates of evolution, so they can be 

applied in different ways to address different questions. The ITS region is 

often used to identify fungal taxa to roughly the species level, despite its 

ranging levels of effectiveness as a barcode locus (Badotti et al., 2017), while 

the LSU region is commonly used for phylogenetic inference (Schoch et al., 

2012). Depending on the lineage, LSU can also be used for species-level 

identification (Schoch et al., 2012), and other secondary markers are 

sometimes used for groups where the ITS is not suitable (Lücking et al., 2020). 

In either case, species-level identification or phylogenetic inference, different 

markers provide different levels of resolution from lineage to lineage since 

rates of evolution can vary across a kingdom, as can the time since divergence. 

DNA sequencing 

One way to survey a microbial community is to extract DNA from 

environmental samples, like water or soil, and sequence a specific region of 

the DNA that can allow for roughly species-level identification. In fungi, the 

ITS region is frequently targeted. Prior to sequencing, the DNA region of 

interest must be amplified via polymerase chain reaction (PCR) using fungal-

specific PCR primers. The amplicons can then be sequenced using a variety 

of sequencing technologies, each option offering its own advantages and 

pitfalls.  Common next-generation sequencing platforms include Illumina 

(Illumina, San Diego, California, USA), Ion Torrent (Life Technologies 

Corporation, Carlsbad, CA, USA), and PacBio (Pacific Biosciences, Menlo 

Park, CA, USA). Sequencing technologies used in this dissertation for 

community analysis include the discontinued 454 pyrosequencing method 

(454 Life Sciences, Branford, CT, USA; paper I), capable of generating 

approximately 1–1.5 million sequence reads of 400–500 base pair (bp) in 

length (Lindahl et al., 2013) and the more recently available Ion Torrent 

(papers III and IV), which is capable of generating shorter sequences (up to 

approximately 400 bp), but offers a cost benefit, high yield, and a fast run time 

(Lindahl et al., 2013). These two technologies are similar in the sequencing 

methodology used as well as the advantages/disadvantages they offer. PacBio, 

which is capable of generating significantly longer sequence reads but at lower 

yields and with higher error rates, was also used in this dissertation (papers II, 

III, and IV) for community analysis as well as phylogenetic and 

phylogenomic inference. 

OTU and ASV inference 

The generated sequence reads, which are often in the thousands, tens of 

thousands, or even hundreds of thousands, can be used for attempting to 
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identify which species are present in a sample and in what relative abundance, 

but must be processed prior to interpretation or attempting to link the results 

to ecological processes. First, these raw data must be quality filtered, and 

appropriate methods to do this vary somewhat based on sequencing platform. 

For example, in the case of 454 sequencing, approximately 20-40% of the 

reads will be filtered out due to issues related to sequence quality (Lindahl et 

al., 2013). The resulting reads will vary in sequence and relative abundance, 

however will include artefactual DNA sequence variation along with 

biological variation (both within and between species). There are several 

opportunities for artefactual variation to be introduced into the dataset. These 

include PCR amplification errors, for instance, due to the choice of 

polymerase and associated nucleotide incorporation error rates (Lindahl et al., 

2013), taxonomic bias due to primer choice (Bellemain et al., 2010), or 

chimera formation (Bradley & Hillis, 1997). These also include sequencing 

errors, which vary in type across sequencing platforms. To help overcome 

some of the noise introduced by artefactual and within-species variation, 

sequences can be clustered by similarity, and one sequence is chosen to 

represent the entire cluster of variable sequence reads. Different sequence 

similarity thresholds can be used as a proxy of species boundaries, as 

determined by the researcher. Typical values can include 97% or 98.5%, for 

example. This cluster of sequences serves as an operational taxonomic unit 

(OTU), roughly corresponds to a fungal species.  The number of reads 

accounted for by the cluster (as opposed to the number if unique sequences) 

can be used to calculate the relative abundance of the OTU in the dataset. 

OTUs that are comprised of a very low number of reads, such as singleton 

OTUs, are often interpreted as spurious and are removed from the dataset as 

an additional step in noise reduction and quality control. There are a number 

of clustering methods, but only single-linkage clustering is used in this 

dissertation. 

It is also possible to use an approach that aims to distinguish between 

biological and artefactual sequence variation, or sequencing error, using 

software like UNOISE2 (Edgar, 2016b), Deblur (Amir et al., 2017) or 

DADA2 (Callahan et al., 2016) to determine amplicon sequence variants 

(ASV), sometimes called exact sequence variants, or zero-radius OTUs 

(Edgar, 2016b), and the collection of inferred ASVs in a dataset should reflect 

only biological variation. This process is carried out using relative sequence 

read abundances for determination, and DADA2 incorporates sequence read 

quality scores in addition to sequence read abundance information. 

Subsequent clustering could be used to roughly estimate species boundaries. 

Using methods that generate ASVs in place (or as a precursor to the 

generation) of OTUs can help to avoid problems associated with OTU 

clustering methods, and there is a push within the academic community to 

replace the use of OTUs with ASVs (Callahan et al., 2017; Cline et al., 2017). 

While an ASV is not intended to represent a species, in can provide insight 
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into the inter- vs intra-specific sequence variation, and thus sequence 

boundaries based only on biological variation can be inferred. They also are 

not context dependent; they are stable from study to study (Callahan et al., 

2017; Cline et al., 2017). Such attributes could help to facilitate cross-study 

communication, a process that could help to expediate species discovery. In 

this dissertation, traditional OTU methods are used for papers I and II, while 

ASV-based methods are used for papers III and IV. 

Multivariate analysis: ordination and statistical analysis 

Once the dataset is filtered and OTU boundaries are determined, the data can 

be organized into a sample-by-OTU (or ASV, or cluster of ASVs) matrix. This 

is our best estimate of the per sample species abundance matrix commonly 

used in ecological community analyses, like richness and diversity estimates, 

for example. Using this matrix, we can calculate dissimilarity between 

samples based on community composition, organized into a distance matrix. 

The distance indices used vary in aspects like up- or down-weighting rare or 

common OTUs, for example (Greenacre, 2017, and references therein). These 

data can be used to plot the (dis)similarity of the fungal communities found in 

each sample in two dimensions (or more, as specified by the user), via 

ordination. In this dissertation, non-metric Multidimensional Scaling (nMDS) 

is used based on the Bray-Curtis Dissimilarity Index (Bray & Curtis, 1957), 

which is calculated using the relative sequence read abundance in each sample 

(papers I, II and III). This method of ordination, nMDS, is useful for 

visualizing relationships and for identifying underlying gradient patterns 

(Ramette, 2007). By visualizing the community data in this way, patterns in 

community composition among samples may be revealed.  For instance, we 

may see that sample communities cluster together in the plot based on sample 

type. Tests like Permutational Analysis of Variance (PERMANOVA; 

(Anderson, 2001) can then be used to test for the statistical significance of the 

difference between groups of samples based on the patterns observed in 

ordination. PERMANOVA follows an ANOVA design, but is a 

semiparametric permutational method that is capable of analyzing partitions 

of multivariate data, and is robust to violations of multivariate normality 

(Anderson, 2014). 

These methods have allowed for a major push forward in the field of fungal 

diversity, but they do have their weaknesses, and it is important that the 

practitioner keep them in mind when interpreting community analysis data 

that uses metabarcoding of environmental DNA, especially with OTU cluster-

based methods. There are bioinformatic methods to overcome some sources 

of error through the process from generating and processing raw data, to 

analyzing and interpreting community structure and dynamics (some of which 

have been outlined above). However, some types of error are often inherent in 

the data and must be considered at all steps, especially during interpretation.  

For instance, PCR amplification and sequencing biases can introduce 
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artefactual variation in the relative sequence read abundance for each OTU or 

ASV.  The number of nuclear ribosomal DNA repeat region copies can vary 

between organisms (Lofgren et al., 2019), as can cell size and how compact 

cells are, both of which can also contribute to this type of error. Sequencing 

errors, which can vary in nature between sequencing platforms, include 

amplicon bias (for example, based on sequence length), chimera formation, 

poor homopolymer detection, or miscalled nucleotide bases. Additionally, 

inter- vs. intra-specific variation in ITS sequence can vary across the fungal 

tree of life (Schoch et al., 2012), which can affect the efficacy of hypothesizing 

species boundaries. There is no single similarity threshold that can generate 

OTUs that accurately represent species boundaries across a whole dataset 

(Nilsson et al., 2008; Vu et al., 2019). Since it is nearly inevitable that some 

OTUs represent more than one species and some species are represented by 

multiple OTUs (the degree to which varies from dataset to dataset), estimates 

of alpha and beta diversity may be a bit dubious in an absolute sense, but could 

be useful for comparing community diversity between samples within the 

same dataset.  In general, it is important to keep in mind that relative sequence 

read abundance is only an estimate of community composition and relative 

species abundance, not a direct representation.   

Taxonomy, phylogenetics and phylogenomics 

Predicting taxonomic identity 

The methods and techniques to describe fungal diversity outlined thus far are 

useful in uncovering aspects of community structure and dynamics without 

taxonomically identifying any of the recovered OTUs, but the importance of 

taxonomy and taxonomic identification cannot be understated. Taxonomic 

identification facilitates functional annotation and cross-study comparison. To 

predict taxonomic identity via DNA barcoding, recovered ITS sequences can 

be compared to sequences in reference databases, such as UNITE (Kõljalg et 

al., 2005) or INSDC (Karsch-Mizrachi et al., 2018), to identify the fungi 

present in the sampled community. On either of these databases, the Basic 

Local Alignment Search Tool (BLAST; (Altschul et al., 1990)) can be used to 

identify all similar reference sequences to the OTU sequence based on 

pairwise sequence alignments. Pairwise alignments between the OTU 

sequences and detected similar reference sequences can then be individually 

inspected.  There may be one or several similar sequence in reference 

databases to the OTU sequence in question, which can vary in taxonomic 

annotation; many sequences in reference databases are of low quality or with 

inaccurate annotations (Nilsson et al., 2006; Nilsson et al., 2012). This 

collection of the most similar sequences can be evaluated as a whole to gain 

insight into the identity of the organism represented by an OTU sequence by 
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inspecting the annotations of the reference sequences (for example, the 

location of sampling and type of sample, if available). 

While attempts to taxonomically identify a single or low number of 

sequences may be a feasible task to do manually, doing so for every OTU 

sequence in a large dataset simply is not practical. Most commonly, heuristic 

algorithms are used to predict taxonomy with the caveat that taxonomic 

assignments for some or even many OTUs may not be the best possible. 

Software like BLAST can also be used to automatically identify a single best 

hit for each OTU representative sequence based on pairwise sequence 

similarity, but this does not consider characteristics of the top hit sequence 

(which can vary in quality, as mentioned above), and also does not consider 

other similar sequences, some of which may be exact matches. This is much 

quicker than manually inspecting BLAST results, as outlined in the previous 

paragraph, but can be much less accurate since not all of the available data is 

inspected.  This can especially be a problem if the best hit is of low quality, 

misidentified or unidentified. Other heuristic software, for example the naïve 

Bayesian RDP Classifier (Wang et al., 2007) and the SINTAX (SImple Non-

Bayesian TAXonomy) Classifier (Edgar, 2016a), can also be used to quickly 

and automatically predict taxonomy. I have used an approach in this 

dissertation (papers I and II) that is a compromise of manual and automatic 

taxonomic assignment by relying on automatic taxonomic prediction for the 

majority of the OTU sequences in a dataset, and manually assigning taxonomy 

by comparing individual sequences to available reference data for the most 

frequent and abundant OTUs. Nevertheless, even with careful and time-

consuming approaches to taxonomic identification via DNA barcoding, not 

all OTU sequences can be accurately identified to species, often because there 

is no reference sequence in the database available that matches the OTU 

sequence. The low number of taxa currently represented in public repositories 

is perhaps the primary reason that species cannot be accurately identified 

using these reference databases (Hofstetter et al., 2019). For this reason, it is 

of course important that the reference datasets continue to grow, either through 

the sequencing of known species that currently lack publicly available 

sequence data, through the discovery and sequencing of new species, or 

possibly through the development of approaches for classifying and labelling 

unidentified environmental sequences. Perhaps more importantly, the quality of 

sequence annotations needs to become a higher priority for those who submit 

sequence data; the high proportion of sequences that are misidentified, of low 

quality or that lack annotations with thorough and updated metadata is a 

palpable hindrance to sequence-based species identification (Nilsson et al., 

2006; Tedersoo et al., 2011). 

Taxonomic classification 

Sequencing technologies like PacBio that allow for relatively longer sequence 

reads make it possible for the sequenced amplicons to include both the ITS 
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region and part of the LSU, or even longer amplicons if desired. For example, 

Jamy et al. (2020) utilized sequence amplicons of approximately 4,500 bp that 

included most of the SSU and LSU. When the more conserved LSU region 

(or a portion from the 5' end of the LSU) is included, the data becomes useful 

in investigating evolutionary relationships between the organisms represented 

by OTUs or ASVs in addition to community analysis. The use of longer 

sequence reads for metabarcoding studies, primarily through the use of PacBio 

technology, could help to overcome some of the shortcomings of short read 

data with respect to species-level resolution and identification (Tedersoo et 

al., 2021; Tedersoo & Anslan, 2019). Using longer reads can be useful for 

helping to place unidentifiable environmental sequences into an evolutionary 

context.  Phylogenetic analysis is one approach that can be used to infer 

taxonomic information, even if only to the phylum or order level, about 

organisms that are known only from unidentified environmental DNA 

sequences (Tedersoo et al., 2020; Tedersoo et al., 2017). Using longer reads 

in this way, some level of taxonomic assignment may be possible, even for 

sequences that do not have a closely matching representative sequence in 

reference databases (Furneaux et al., 2021; Jamy et al., 2020; Tedersoo et al., 

2020; Tedersoo et al., 2017). Using such methods, it is also possible to begin 

making hypotheses about the unidentified organism, like potential roles it 

might be playing in the environment based on its closest known relatives, for 

example. Although taxonomic identification and classification is traditionally 

based mainly on morphological characteristics, there are many taxa for which 

these types of characters are not currently observable. For some unidentified 

taxa known only from environmental DNA, inferred evolutionary 

relationships based on environmental DNA sequences could be used as one 

line of evidence for their classification. This is especially true for taxa that 

tend to be frequently and/or abundantly detected and for which ecological 

information can be inferred.  This approach, using lines of evidence inferred 

using environmental DNA sequence data for taxonomic classification, even in 

the absence of morphological data, was used in paper III. 

Placing unidentified sequences into a phylogenetic context provides 

biological insight, even for never before discovered organisms that are 

detected in environmental DNA sequences, but sometimes the LSU doesn’t 

provide enough phylogenetic signal to reveal its closest known living 

relatives. In this case, whole genomes can be sequenced if a culture becomes 

available, and phylogenomic approaches can help to refine what the LSU did 

or did not reveal about the organism’s evolutionary relationships. This 

approach is becoming more and more feasible thanks to initiatives like the 

1000 Fungal Genomes Project (Grigoriev et al., 2014; Grigoriev et al., 2012), 

a collaborative project that is contributing to the growing body of high-quality 

fungal reference genomes, and is used as a resource in paper IV. 
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Discovery and description of new species using environmental DNA 

Molecular ecological studies are revealing that a large number of undescribed 

taxa exist in the environment. Some of these taxa represent whole lineages 

(Tedersoo et al., 2017), and some of these taxa are species rich, ubiquitous, 

and abundantly and frequently detected, as in the case of the class 

Archaeorhizomycetes, for example (Menkis et al., 2014; Rosling et al., 2011). 

Some of these unidentified OTU sequences have even been referred to as the 

’50 most wanted fungi’ in an effort to encourage their discovery (Nilsson et 

al., 2016). The first of these most wanted fungi, Bifiguratus adelaidae, was 

discovered and described in 2017 (Torres-Cruz et al., 2017).  It is clear that 

environmental DNA is proving to be an excellent resource for the discovery 

of a new species. While molecular data have proven useful in taxonomy (for 

delimiting the boundaries of and characterizing taxa, for example), the 

appropriateness of using environmental data for classifying unidentified 

sequences has been much debated recently, particularly with respect to 

describing voucherless taxa using environmental DNA sequences as types 

(Hibbett, 2016; Hibbett & Sarma, 2018; Lücking et al., 2021; Lücking & 

Hawksworth, 2018; Lücking et al., 2018; Seifert, 2017; Thines et al., 2018; 

Zamora et al., 2018). 

In recent years, cluster-based approaches have been employed for 

circumscribing and applying labels to hypothetical species using 

environmental DNA in combination with sequences derived from vouchered 

fungi (including sequences from type and ex-type specimens), such as the 

‘virtual taxa’ found on the MaarjAM database (Öpik et al., 2010) and the 

‘species hypotheses’ (USH) found on the UNITE database (Kõljalg et al., 

2013; Nilsson et al., 2019b).  While it is impossible to overstate the value and 

utility of cluster-based tools (for example, for taxonomic identification of 

environmental sequences based on the similarity to sequences of known 

species), cluster-based methods cannot and should not be used as a 

replacement to taxonomy since clustering results are context-dependent and 

similarity cut-offs are not one size fits all throughout the fungal tree of life 

(Ryberg, 2015).  Sequences in reference databases often vary in quality, 

further complicating the use of cluster-based methods for species delineation. 

Ultimately, it must be kept in mind that a cluster-based OTU is only a rough 

proxy of a species, and as such, OTU-based methods should not be used for 

generating taxonomical evidence. 

Another concern with the use of environmental sequences in taxonomy is 

the potential for describing artefactual species or applying names to organisms 

that have already been described and named, just perhaps not sequenced for 

the locus used in species delineation (Thines et al., 2018; Zamora et al., 2018).  

The application of environmental sequence data as taxonomical evidence 

should therefore only be done when certain conditions are met. For instance, 

if sequence data is available for all described species within the lineage 



 

 22 

containing the new putative species, and it can be confirmed that the 

environmental DNA sequence does not match any described related taxon and 

thus represents a distinct species, then problems like duplicating species 

descriptions can be avoided. 

There are also compelling arguments in favor of sequence-based 

nomenclature. For one, names are essential for communication of all 

organisms, including dark taxa, and that alternatively proposed methods that 

use alphanumerically coded labels (like the SHs of the UNITE database), 

hinder communication since these types of labels are obscure and lack 

information when compared to Latin binomial names (Hibbett, 2016; Lücking 

& Hawksworth, 2018; Ryberg & Nilsson, 2018). Latin binomial names, even 

for organisms detected in environmental DNA, convey useful information, 

like organisms that are most likely to be closest known relatives.  For another, 

concerns with the use of cluster-based methods can be alleviated since many 

of the problems inherent to the use of OTUs can be avoided with the use of 

ASVs (Callahan et al., 2017). Proponents of the use of environmental 

sequence data as taxonomical evidence clearly state that OTU clustering 

methods should not be relied upon for species delimitation (Lücking & 

Hawksworth, 2018; Lücking et al., 2018). 

Formal proposals have been put forth to amend the ICNafp so as to allow 

the use of environmental DNA sequences as type material for formally 

describing fungal taxa, largely to facilitate taxonomic discovery (Hawksworth 

et al., 2016), and a few examples exist in the literature for how this could be 

done (de Beer et al., 2016; Lücking & Moncada, 2017). It is clear that both 

perspectives, those for and against sequence-based nomenclature, have valid 

arguments, presenting potential benefits and possible consequences (Ryberg 

& Nilsson, 2018). 

Fungal communities in boreal pine forests 

A large proportion of the Earth’s surface is covered by the boreal forest biome.  

This biome is of great ecological importance; boreal forests serve as an 

important carbon sink for the planet, as large amounts of carbon are stored 

belowground (Pan et al., 2011). These forests characteristically have cold 

climates and acidic, low-nutrient soils. They are typically inhabited by a low 

number of tree species, and are typically dominated by coniferous species 

(e.g., Pinus sylvestris, ‘Scots pine’). In contrast, a high fungal species richness 

can be observed. Here, we will explore two examples of fungal communities 

that are found in boreal forests. First, I will introduce a fungal community 

system found in the soils of a coastal Lithuanian pine forest, where some fungi 

form beneficial relationships with trees for nutrient acquisition (I). Trees may 

benefit from roles that some fungi play belowground in order to obtain 

nutrients and survive the environment of the boreal forest, but they also face 
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interactions with organisms and environmental conditions that are not so 

beneficial. After diving belowground to explore soil fungal communities, we 

will move aboveground, where bark beetles infest the phloem of felled pine 

trees.  Here, we will explore the complex relationships between bark beetle-

associated fungi (in and on beetles as well as in pine phloem), forest fire, and 

phloem nutritional quality (II). 

Vertical stratification of soil fungi 

Fungi are particularly important in boreal forest ecosystems, where they play 

critical roles in decomposition and nutrient uptake of trees (Lindahl et al., 

2002). The majority of plant species rely on symbiotic relationships with 

mycorrhizal fungi to acquire essential but hard to access nutrients like 

phosphorus (P) and nitrogen (N), and provide carbon (C) to the fungus in 

return (Smith & Read, 2008).  In the boreal forest, mycorrhizal fungi are 

typically of the ectomycorrhizal (ECM) type (Smith & Read, 2008). ECM 

fungi can grow out into the substrate and, in one sense, act as an extension of 

the plant root system.  The fungal tissue growing out from the point where 

root and fungus meet (the mycorrhiza) is called the extramatrical mycelium, 

which can be of several ‘exploration types’ (Agerer, 2001; Agerer, 2006). To 

name a few examples, some ECM are of the long-distance exploration type, 

and are capable of translocating nutrients long distances, while others produce 

dense mats of mycelia (medium distance exploration type, mat-forming 

subtype), and others exhibit a short distance exploration type, with the 

extramatrical mycelium remaining near the mycorrhizal root tip. Considering 

the global importance of boreal forests as a carbon sink and the critical roles 

that soil fungi play with respect to carbon dynamics and nutrient cycling in 

this system (Clemmensen et al., 2013), an in-depth understanding of the 

belowground fungal community composition and structure is crucial, as is an 

understanding of the environmental factors that may contribute to how these 

communities assemble. 

Podzol soil profiles are common in boreal forests, in which soil is stratified 

into distinct horizons with various mineral horizons (eluvial E horizons and 

illuvial B horizons) layered below the organic O horizon. Soil depth has been 

previously hypothesized as an explanation for the high number of ECM 

species found belowground, even when few (or even a single) host tree species 

are present (Bruns, 1995). Bruns (1995) hypothesized that a number of 

environmental factors, such as pH, soil moisture, or organic material, could 

vary with depth, and that resource partitioning along this gradient could be 

contributing to high fungal species richness in the soil.  Several years later, 

Dickie et al. (2002) were the first to apply molecular methods to test the 

vertical niche hypothesis on fungal mycelia in soil. Here, Dickie et al. (2002) 

used a T-RFLP (terminal restriction fragment length polymorphism) approach 

to analyze the distribution of ECM species across four horizons sampled from 
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along the soil profile. The results corroborated the vertical niche hypothesis; 

some taxa were specific to a single soil horizon, while others were detected in 

multiple horizons. Each horizon had a distinct community of ECM taxa.  

Shortly after, a complementary pair of studies demonstrated a vertical niche 

differentiation of ECM fungi in boreal forest soils. Rosling et al. (2003) 

sampled mycorrhizal root tips and revealed that ECM fungi distribute 

vertically, with approximately half of the identified taxa being restricted to the 

deeper mineral horizons.  Landeweert et al. (2003) showed that a similar 

pattern can be detected in cloned DNA extracted from soil. Evidence has also 

emerged that fungi partition vertically based on functional group. Lindahl et 

al. (2007) investigated both saprotrophic and ECM subsets of the fungal 

community and showed that fungi tend to vertically differentiate based on 

trophic mode.  

Pine (P. sylvestris) forests along the Lithuanian coast are planted behind 

coastal sand dunes to combat wind erosion, and are unique in some ways when 

compared to a typical boreal pine forest. In the forest investigated (paper I), 

organic soil horizons sometimes become buried under the sandy mineral soils, 

particularly in areas of the forest that are closest to the dunes. As one 

progresses deeper into the forest interior, the forest floor develops and the 

amount of organic material at the surface increases. Soil profiles in the forest 

interior display a pattern more reminiscent of those found in the earlier studies 

showing vertical fungal community differentiation in boreal forests outlined 

above, where mineral horizons are layered under organic horizons. This 

unique characteristic (i.e., non-typical soil horizon layering patterns) was 

utilized to test the vertical niche hypothesis in a new way.  Clearly, the vertical 

niche hypothesis is well-tested and seems to be the most likely explanation for 

the vertical stratification of fungi in stratified soils, as it is reasonable to 

assume that soil depth is simply correlated with the environmental gradients 

that are shaping fungal communities by providing a variety of microhabitats 

or potential niches, but alternative explanations could be related to soil depth, 

or distance from the surface, in and of itself. For example, many fungi rely on 

aboveground spore dispersal strategies, so distance to the surface could also 

mean the distance to the location of spore dispersal, a key aspect of the life 

cycle.  For these fungi, the surface may serve as the primary location for spores 

to enter or leave the local environment. Therefore, distance to the surface 

could hypothetically play a part in determining the distribution of some 

species, independently of the vertical distribution of optimal niche 

characteristics. 

Bark beetle-associated fungal communities 

Symbiotic relationships between bark beetles and fungi (especially order 

Ophiostomatales in the Ascomycota) are found in all species of bark beetle, 

and these associations range between commensalism and obligate mutualism 
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(Six & Elser, 2020). Translocation of important nutrients in vascular plants 

takes place in the phloem, the main food source of bark beetle larvae. Phloem 

is, however, relatively low in essential nutrients N and P in the context of bark 

beetle nutritional requirements (Ayres et al., 2000). One way for bark beetles 

to overcome challenges in acquiring nutrients is to utilize fungal associations.  

For example, some bark beetles have specialized structures called mycangia, 

which function to transport specific fungal species. The N content of phloem 

has been shown to be higher near mycangial bark beetle galleries, indicating 

that symbiotic fungi transported by the bark beetles help to increase nutrient 

availability for bark beetle larvae (Ayres et al., 2000). 

Tomicus piniperda, the ‘pine shoot beetle’, is a secondary bark beetle and 

attacks weakened and stressed trees (Six & Elser, 2020). In the summer of 

2014, a forest fire broke out in southern Sweden that was so devastating it was 

considered a national emergency, and in the end, damaged more than 15,000 

hectare of P. sylvestris-dominated forest. As a result, T. piniperda bark beetles 

gained access to an abundance of fire-damaged trees to attack, breed in, and 

lay eggs in. In the process, the beetles may introduce fungi to the tree. Tomicus 

piniperda is not a mycangial species, but some fungal species are commonly 

isolated from T. piniperda, such as the pathogenic blue-stain fungi 

Leptographium wingfieldii and Ophiostoma minus (Solheim et al., 2001; 

Solheim & Långström, 1991), which are particularly virulent (Jankowiak, 

2006). The third species commonly isolated from Tomicus piniperda is 

Sydowia polyspora (Jankowiak, 2006; Muñoz-Adalia et al., 2017; Solheim & 

Långström, 1991), sometimes reported as Hormonema demantioides 

(anamorph of S. polyspora). T. piniperda is also associated with Fusarium 

circinatum, the pathogenic fungus responsible for pitch canker (Bezos et al., 

2015; Brockerhoff et al., 2016). 

T. piniperda is a pest that causes damage to pine trees both directly and 

indirectly through the vectoring of pathogenic fungi. Forest fire can have a 

positive effect on bark beetle populations by creating weakened, fire-stressed 

trees. By analyzing the community in and on bark beetles from burnt and 

unburnt forest sites, the fungal communities in colonized and uncolonized 

phloem over time, and phloem nutrient concentration of the phloem samples 

over time, it becomes possible to begin to see how shifts in fungal 

communities relate to the presence and absence of bark beetle larvae and forest 

fire, as well as chemical nutrients (C:N, C:P and N:P ratios) in the phloem. 

Describing new species from a boreal forest 

There is a wide range of species concepts throughout the literature that differ 

based on the criteria for identifying a species and its taxonomic boundaries.  

Although there have been a number of frameworks proposed to conceptually 

define the word ‘species’ (for example, the biological species concept (Mayr, 
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1942), the ecological species concept (Van Valen, 1976) and the evolutionary 

species concept (Simpson, 1951; Wiley, 1978)), the common thread uniting 

species concepts is the acceptance that a species is an entity with its own 

unique evolutionary history and fate; this is the basis of the general lineage 

concept of species or the ‘unified species concept’ (de Queiroz, 1998, 2007).  

de Queiroz (2005) proposes that such an approach could be a way to resolve 

“the species problem”, and goes on to argue that under a unified species 

concept, providing solid evidence of lineage separation, regardless of the 

nature of said evidence, is sufficient for species delineation, with multiple 

lines of evidence strengthening the case (de Queiroz, 2007). This means the 

criteria under any species concept, or even criteria used via newly developed 

approaches to species delineation, are all valid as long as they are 

appropriately interpreted (de Queiroz, 2007).  It has, however, been argued 

that this is not entirely a new idea, but rather a variation of the evolutionary 

species concept (sensu Wiley, 1978), given the emphasis on lineage as the 

foundation for species classification (Naomi, 2011). Regardless of one’s 

philosophical views on species concepts, the species is the fundamental unit 

of biodiversity, and applying names to them is a way to label and allow for 

communication about them, thereby providing better opportunities to gain 

knowledge and understanding about ecology and biodiversity in general. 

Species delimitation is essential for documenting biodiversity, and is a 

necessary component of describing newly discovered or hypothesized species.  

Despite the obvious necessity of describing and labelling species for the sake 

of understanding global biodiversity, delimiting species remains a challenging 

task. There are proponents of moving toward a more integrative approach to 

taxonomy (Dayrat, 2005; Padial et al., 2010) or an iterative approach that 

builds on integrative taxonomy (Yeates et al., 2011). Such an approach would 

fall in line with the comprehensive view of a species as defined by the unified 

species concept of de Queiroz (2007). Utilizing integrative taxonomy that 

incorporates environmental DNA could provide a way to better document 

fungal diversity, particularly for taxa with missing morphological data (for 

example, taxa that are known to exist due to detection of DNA in the 

environment but are demonstrably difficult or currently impossible to isolate 

and culture).  Taxonomic boundaries for some of the fungal species detected 

in environmental DNA could be hypothesized and tested using an integrative 

approach, which would allow the mycological community to better utilize the 

insight into fungal diversity that metabarcoding studies are providing. When 

taxa can be robustly circumscribed using such an approach, there needs to be 

accepted strategies or protocols for applying stable names to them. The use of 

names could provide substantial benefits in terms of communication and 

accumulation of knowledge about these organisms. 

The third and fourth studies included in this dissertation are intended to 

make strides toward filling in just a few of the many gaps in the documentation 

of fungal diversity, specifically for soil-dwelling organisms known only from 
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environmental sequence data. First, I will introduce a study intended to 

investigate the taxonomic diversity of a notably elusive class, 

Archaeorhizomycetes, which is filled with putative species known only from 

traces of their DNA in environmental samples (III). In this study, approaches 

are demonstrated for delimiting and naming species using DNA sequence data 

and accompanying metadata as taxonomical evidence. I will also describe a 

success story in linking a living fungal representative to a lineage previously 

identified via environmental DNA, and identify factors that may have 

propelled the discovery and subsequent description of this species (IV). 

Voucherless species within the fungal class 

Archaeorhizomycetes at Ivantjärnsheden 

For fungi, as well as most eukaryotic organisms, it is becoming evident that 

morphology-based taxonomy is a functionally lacking method for delineating 

species (Hibbett, 2016; Keeling & Burki, 2019). Integrative taxonomy relies 

on using multiple lines of evidence to corroborate or reject species hypotheses, 

thus contributing to the development of well-supported species delimitations 

(Leliaert et al., 2014). Phylogenetic evidence could be used to test for clade 

support and thereby infer species boundaries by comparing branch lengths 

within and between species (Pons et al., 2006; Zhang et al., 2013). One way 

to recognize species is by ecological species delimitation (de Queiroz, 2007, 

and references therein), which emphasizes the importance of niche 

characteristics. Both phylogenetic evidence and ecological evidence can be 

derived from environmental DNA sequence data, and could together provide 

multiple lines of taxonomical evidence. 

Environmental sequence-based nomenclature may not be appropriate or 

applicable in all cases and should be utilized with great caution, but there are 

instances where sequence-based nomenclature may be a reasonable and 

appropriate way forward for discovering and documenting fungal diversity. 

This is the case for taxa within the class Archaeorhizomycetes, where 1) both 

of the currently described species have available sequence data, 2) taxa are 

abundant and frequent enough to allow for accurate ASV inference and 

provide ecological insight, and 3) repeated culturing efforts are fruitless, 

crippling opportunities for the gold standard approach using traditional 

morphology-based methods. The Archaeorhizomycetes is a class of root-

associated fungi that was known only by environmental sequence data as Soil 

Clone Group 1 until 2011, when the first species of its lineage was captured 

and described (Porter et al., 2008; Rosling et al., 2011; Schadt et al., 2003). 

Despite being a lineage of abundantly and frequently detected organisms with 

a ubiquitous distribution and hundreds of hypothesized species (Menkis et al., 

2014), only two species have successfully been isolated into pure culture and 

described: Archaeorhizomyces finlayi Rosling & T. James and A. borealis 
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Menkis, T. James & Rosling (Menkis et al., 2014; Rosling et al., 2011).  Based 

on OTU clustering methods, as many as 16,231 OTUs at a 98.5% similarity 

threshold have been predicted as a potential proxy of species richness 

(Lücking & Hawksworth, 2018), though this number is likely artificially 

inflated due to methodological aspects associated with the use of OTU 

clustering methods. Even if this is the case, having only two described species 

for such a diverse lineage means that the vast majority of taxa within the class 

are undescribed. 

Considering that the lineage contains taxa that are abundantly and 

frequently detected and potentially play a significant role in their respective 

environments, it is imperative that species are recognized within the class. 

When biological specimens prove demonstrably unattainable to represent 

frequently detected organisms, alternative options for their description must 

be available and utilized, and when taxonomic boundaries can clearly be 

determined using these methods, some form of nomenclatural application 

should logically follow. In order to estimate diversity for under-described 

fungal lineages like the Archaeorhizomycetes, strategies for using 

environmental sequence data to build and test species hypotheses and for 

naming species that are supported by multiple lines of evidence (even if these 

lines include the use of environmental DNA and exclude morphological data) 

must be developed. Without a functional name, communication about these 

organisms is extremely difficult, and it is important that cross-study 

comparison is possible for Archaeorhizomycetes species in order to identify 

ecological patterns related to these organisms. 

The story of clade GS25 

Most, if not nearly all, metabarcoding studies reveal sequences representing 

taxa that are currently unknown. Tedersoo et al. (2014) used an ITS 

metabarcoding approach to characterize the fungal communities in samples 

taken from 365 sites across the globe and demonstrated that approximately six 

percent of the recovered fungal OTUs could not be identified to class. This 

lead the group (Tedersoo et al., 2014) to hypothesize that some of these OTUs 

represent class- and order-level lineages that had been neither described nor 

sequenced previously. Tedersoo et al. (2017) later expanded upon this global 

study of soil-dwelling fungi by sequencing a larger rDNA region for each 

sample, including phylogenetically informative portions of the SSU and LSU 

regions in addition to the ITS region. The results of placing these OTUs into 

a phylogenetic context provided support for their previous hypotheses 

(Tedersoo et al., 2014; Tedersoo et al., 2017).  Not only did the group report 

that several unidentified class- and order-level fungal lineages may exist, but 

they also applied unofficial names to aid in practical discussion of these 

unidentified lineages, like ‘clade GS25’ (Tedersoo et al., 2017). As discussed 

earlier, OTU-based techniques are not sufficient for taxonomy, but they are 
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useful in community analysis, and they can reveal that unidentified taxa exist 

even if the taxonomic boundaries cannot be accurately determined.  Despite 

the downfalls of OTU cluster-based methods for taxonomy, putting OTU 

representative sequences into a phylogenetic context and labelling them has 

made the broader community aware of these potential taxa and their estimated 

evolutionary relationships to other identified organisms. Tedersoo et al. 

(2017) have ultimately made researchers outside of this group aware of such 

lineages, and so they may be more vigilant when similar OTU sequences 

appear in independent studies, or even better, unidentified fungal cultures that 

have similar sequences to the OTU representative sequence. 

In a study unrelated to those of Tedersoo et al. (2014); (2017), a search for 

species of Archaeorhizomycetes was conducted by coupling culture-based 

techniques with metabarcoding methods, and several unknown fungal 

organisms were collected and isolated into pure culture in October 2013 as a 

part of this endeavour (paper III). Unfortunately, none of the isolates turned 

out to be species within the Archaeorhizomycetes, but the unidentified fungal 

isolates were maintained in a local culture collection. It later became apparent 

that some of these fungal isolates have ITS sequences that are highly similar 

to the representative sequence of an unidentified OTU hypothesized to 

represent a class- or order- level unidentified lineage (Tedersoo et al., 2014; 

Tedersoo et al., 2017). These isolates may therefore be living representatives 

that can be linked to an unidentified environmental sequence. This lineage, 

labelled as clade GS25, was hypothesized to be sister to the rest of 

Pucciniomycotina (Basidiomycota), and was one of three class- or order- level 

lineages of unidentified fungi detected in the Pucciniomycotina (Tedersoo et 

al., 2017).   

Over the last two decades, a number of studies have been conducted that 

include phylogenetic analyses aimed at resolving the evolutionary 

relationships within the Pucciniomycotina, however, relationships between 

the major lineages across the subphylum remain unresolved (Aime et al., 

2006; Schell et al., 2011; Wang et al., 2015a; Wang et al., 2015b). The 

Pucciniomycotina is hypothesized to be sister to the rest of the Basidiomycota, 

and is most recognizable by the rust fungi found within it (Aime et al., 2014). 

Many species within the subphylum are dimorphic, meaning that they 

sometimes present as a yeast and other times in a filamentous form, but 

phylogenetic analyses have suggested that this trait is not useful for inferring 

evolutionary relationships (Oberwinkler, 2017; Wang et al., 2015a; Wang et 

al., 2015b).  Some species present evolutionarily misleading microscopic 

structures; Mixia osmundae, for example, was previously thought to belong to 

the Ascomycota based on morphology (Sugiyama et al., 2018). The 

Pucciniomycotina is primarily (in terms of number of species) made up of 

obligate plant pathogens (Pucciniales) (Aime et al., 2006) that typically 

exhibit exceptionally complex life cycles (Aime et al., 2018a). There are, 

however, nine classes within the subphylum that collectively demonstrate a 
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diverse array of lifestyles, like orchid mycorrhizal (Kottke et al., 2010), 

endophytic (Aime et al., 2018b), as well as otherwise root-associated (Bonito 

et al., 2017). All in all, this subphylum is a species-rich and highly diverse 

lineage within which a large number of unidentified taxa exist, some deeply 

diverged, and the relationships between the major lineages within it remain 

unclear. 

The discovery of this new species provides a number of opportunities.  

First, the availability of a culture allows for genome sequencing. With 

genomic data, it is possible test the hypothesized phylogenetic position as an 

early diverging lineage within the Pucciniomycotina as well as the 

hypothesized taxonomic rank of class for clade GS25. Second, a 

phylogenomic approach can be employed to re-evaluate the evolutionary 

relationships between the major lineages within the Pucciniomycotina. Third, 

this discovery serves as a way to identify possible good practices for 

facilitating the discovery of new species that can be adopted by the broader 

mycological community, particularly for taxa that have been detected via 

environmental DNA. And of course, fourth, it is possible to validly describe 

this lineage and its first known species based on morphological characters and 

phylogenetic evidence, with a culture for obtaining a type specimen. 
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Broad Research Objectives 

• Explore potential drivers of fungal community composition and 

species distribution using environmental DNA sequences (I, II, III) 

• Identify and characterize potential functional traits of identified 

fungal taxa and the distribution of these traits as a way to link fungal 

diversity to ecological processes (I, II) 

• Characterize and label species known only from environmental DNA 

using an alternative to morphology-based taxonomy (III) 

• Identify and describe living representatives for taxa detected in 

environmental DNA (IV) 

• Contribute toward a better understanding of fungal biodiversity and 

ecology using a variety of approaches (I, II, III, IV) 
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Summaries of the Papers 

Paper I: Distribution patterns of fungal taxa and 

inferred functional traits reflect the non-uniform vertical 

stratification of soil microhabitats in a coastal pine 

forest 

In paper I, attempts are made to tease apart the effects of soil depth and vertical 

niche variation on fungal community composition to determine if it is niche 

characteristics, soil depth, or both that is driving the vertical stratification of 

fungi in soil. The results of this project would either provide further support 

for the robustness of the vertical niche hypothesis, or surprisingly provide 

evidence indicating that soil depth may independently be shaping fungal 

communities to some degree. To do this, three distinct soil microhabitats were 

delineated as mineral soils with roots (MR), mineral soil without roots (MN), 

or organic soil samples (O). To summarize, the MR and MN microhabitats 

share the characteristic of mineral soils, while microhabitats MR and O share 

the presence of roots. Twenty-five soil cores (five along each of five transects 

of the developmental gradient from just behind sand dunes to the forest 

interior in Lithuanian coastal pine forest) approximately one meter in depth 

were sampled. Six samples were taken from each core at varying depths for a 

total of 150 soil samples (24 O, 40 MR, 86 MN), and the vertical distribution 

of microhabitats varied among the soil cores. Bicarbonate extractable 

inorganic phosphorus (Pi) concentration (as a proxy of nutrient availability) 

and soil moisture were measured for each sample, and concentrations for a 

suite of exchangeable cations (Al, Ca, Fe, K, Mg, Mn and Na) as well as the 

effective cation exchange capacity (calculated based on measured cation 

concentrations) and soil pH were measured for samples from three of the five 

transects (9 O, 30 MR, and 46 MN samples) to characterize the environmental 

variation between the three microhabitat types. 

Principle Component Analysis demonstrated a distinction between the 

three microhabitats with respect to these abiotic characteristics, with MN and 

O being the most different, and MR being somewhere in the middle; 

Microhabitat correlated with principle component 1, which accounted for 

60.74% of the variation in the data. Permutational tests of independence and 

post-hoc pairwise tests of independence with a false discovery rate p value 

correction (Mangiafico, 2016) confirmed the significance of this MN–MR–O 



 

 33 

pattern with respect to cation exchange capacity, pH, percent soil moisture, Pi 

concentration, and cation concentrations. 

The ITS2 region was sequenced to survey the fungal community in each 

sample (via OTU clustering and taxonomy prediction).  Dissimilarity of each 

sample with respect to per-sample relative sequence read abundance was 

calculated using the Bray-Curtis dissimilarity index, and taxonomic prediction 

for the representative sequence for each OTU was generated using the 

SINTAX classifier (Edgar, 2016a). Visualization of the variation between 

samples via nMDS ordination based on dissimilarity of fungal communities 

revealed differentiation between the three microhabitats, following a pattern 

much like that found in the analysis of the abiotic characteristics: MN and O 

were the most diverged with MR somewhere in the middle. PERMANOVA 

confirmed the statistical significance of this pattern, showing that 14.8% of 

the variation can be explained by microhabitat. Marginal PERMANOVA tests 

indicated that even when gradient position and soil depth were accounted for, 

microhabitat still accounted for 9.5% of the variation, which is more than the 

marginal variation explained by transect position (4.4%) or soil depth (2.0%).  

This indicates that microhabitat, even when crudely defined based on only two 

characteristics (presence/absence of roots, mineral/organic soil), plays an 

important role in shaping the fungal community, independently of soil depth, 

in agreement with the vertical niche hypothesis. There is, however, a 

proportion of the data that is explainable by soil depth, independent of both 

microhabitat and forest gradient position. This could be the result of 

microhabitat being defined based on only two characteristics; it is highly 

plausible that there are environmental variables not accounted for in this study 

that correlate with depth and play a role in shaping the composition of the 

fungal community. 

To get a more in-depth view of the communities found within each 

microhabitat as well as the distribution of functional traits with respect to the 

microhabitats, what I call the ‘core community’ (the collection of taxa that are 

represented in at least 50% of the samples and an average 0.5% sequence read 

abundance in at least one of the three microhabitats), was identified and 

investigated more thoroughly. For these core taxa, extra efforts were made to 

get the best possible taxonomic assignment and, for identifiable taxa, 

information about functional traits that could be relevant in this coastal boreal 

forest habitat. Then, taxonomic and functional trait distributions among and 

between the three microhabitats were evaluated. Most of the core OTUs (n = 

31) appear to vary in average relative sequence read abundance between the 

three microhabitats, presumably due to niche differentiation, and functional 

traits also appear to be differentially distributed across the three microhabitats. 

For example, ECM OTUs seem to differentiate between the microhabitats 

based on exploration type; mat-forming medium distance OTUs are associated 

with the MN habitat, while the two short distance ECM taxa, Tylospora sp. 

and Cenoccocum geophilum were associated with O and MR+O, respectively. 
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Archaeorhizomyces sp., a hypothesized root-associated organism, was 

associated with microhabitats that contains roots, O and MR. Many of the core 

OTUs have characteristics that could reflect living in a dry, sandy 

environment; for example, species of Sarcodon (medium distance ECM 

exploration type) can produce hydrophobic mycelial mats (Lilleskov et al., 

2011), while Cenoccocum geophilum (short distance ECM exploration type) 

and dark septate endophytes are capable of producing melanized mycelia 

(Fernandez & Koide, 2013; Smith & Read, 2008). 

One of the most notable discoveries was that four species of Sarcodon were 

represented among the 31 core OTUs and were among the most prominent.  

All four were disproportionally found in the MN microhabitat. Realized niche 

differentiation can result for closely related species by way of competitive 

avoidance (e.g., Mujic et al., 2016). It is interesting, then, that these four 

species (OTUs) within the same genus would coexist in the MR microhabitat, 

which is in contrast to a pattern reminiscent of competitive exclusion. 

According to the phylogenetically defined niche hypothesis, closely related 

species often share a similar fundamental niche (O’Hanlon, 2012). Perhaps 

the coexistence of Sarcodon species in this study was facilitated by a 

fundamental niche that is particularly difficult to live in for many other fungi 

in this forest.  A previous study was conducted to identify optimal practices to 

boost establishment rates of planted pines through the utilization of ECM-

inoculated seedlings (Menkis et al., 2012). Species of Sarcodon could be good 

candidates for such an approach, as they naturally thrive in these sandy, loose 

soils, are ECM, and as mat-forming fungi have a growth form that is 

stabilizing to soil.  These would have to be tested independently for growth 

pattern, however, as the determination that these four Sarcodon species are 

mat-forming is based on genus-level assessment, and it is possible for species 

within the same genus to exhibit different exploration types (Tedersoo & 

Smith, 2013). 

In conclusion, this study demonstrates that soil fungal diversity is 

supported by niche variation (microhabitats O, MN, and MR) in this coastal 

pine forest, and that these microhabitats support taxonomically and 

functionally distinct groups of organisms that could be contributing to overall 

nutrient cycling in different but complementary ways. 

Paper II: Relationships between forest fire, Tomicus 

piniperda-associated fungal communities and phloem 

nutrient availability of colonized Pinus sylvestris 

In paper II, a metabarcoding approach was used to investigate the 

relationships between fungal communities associated with bark beetles, 

phloem nutrients, and forest fire occurrence.  Four forest sites were studied, 
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two of which were recently affected by forest fire. At each site, 12 male and 

12 female T. piniperda samples were taken, with each sample consisting of 

two individuals. From each bark beetle sample, DNA was collected from a 

body wash and from the guts, for a total of 384 bark beetle samples, or 48 

from each site. In addition, phloem samples were taken from three felled trees 

at each site from three different time points: once before bark beetles have had 

a chance to colonize phloem and lay eggs, once when the bark beetle larvae 

had reached the first instar stage, and once when the bark beetle larvae had 

reached the third instar stage. For clarity, I will refer to these three time points 

as ‘pre-col’, ‘first instar’, and ‘third instar’, respectively. For each felled tree, 

one pre-col phloem sample was taken. At the two time points after the bark 

beetles have had a chance to colonize the felled trees (first instar and third 

instar), eight phloem samples from around the edges of eight larval galleries 

were collected as well as two uncolonized samples taken away from any 

galleries.  This resulted in a total of 252 phloem samples, or 21 from each of 

the 12 trees: one pre-col sample, eight colonized plus two uncolonized first 

instar samples, and eight colonized plus two uncolonized third instar samples. 

From all phloem samples, DNA was collected, and concentrations of C, N, 

and P were measured. Extracted DNA was PCR amplified, and products from 

the samples that were successfully amplified were sequenced using PacBio. 

After quality filtering, OTU clustering, and removal of the OTU sequence 

associated with the PCR positive control, the dataset consisted of 12,313 reads 

(401 samples, 289 OTUs). Samples with less than 10 reads were excluded in 

downstream analysis, resulting in a dataset of 11,962 reads representing 331 

samples and 286 OTUs. 

The fungal communities from the bark beetle and phloem samples were 

first analyzed separately. In both subsets, the most obvious pattern noticeable 

in nMDS ordination was a distinction between fungal communities sampled 

from burnt vs. unburnt sites, and PERMANOVA tests confirmed the statistical 

significance of this pattern. For bark beetles, no strong structuring patterns 

associated with female vs. male or body vs. gut were observed, so the bark 

beetles were grouped based on fire history for downstream analysis (i.e., 

beetle samples from burnt sites and beetle samples from unburnt sites). For 

fungal communities found in phloem samples, uncolonized samples from pre-

col, first instar, and third instar clustered together, and that along the first 

nMDS axis there was a gradient of samples from a) the group of uncolonized 

samples, to b) first instar colonized samples, to c) third instar colonized 

samples. PERMANOVA shows a significant difference between samples 

based on this sample grouping: uncolonized, colonized first instar, and 

colonized third instar, and pairwise PERMANOVA (with Bonferroni multiple 

comparison p value correction, permuted within site) showed that all three 

groups are significantly different from each other (uncolonized vs. colonized 

first instar, colonized first instar vs. colonized third instar). Phloem samples 

were therefore grouped as follows for downstream analysis: uncolonized 



 

 36 

phloem from burnt sites and unburnt sites, colonized first instar from burnt 

and unburnt sites, and colonized third instar from burnt and unburnt sites. The 

difference between burnt and unburnt samples increases gradually for each 

pair, with no difference between burnt and unburnt uncolonized phloem 

samples, and the highest difference between burnt and unburnt third instar 

samples, indicating that the fungal communities in colonized phloem 

increasingly differentiate over time based on fire history. 

nMDS ordination of all samples together highlighting these eight sample 

groups (the two beetle and six phloem sample groups described above) show 

a distinction between burnt and unburnt samples along nMDS axis two, and a 

pattern along nMDS axis one that goes from a) beetle samples to b) third instar 

colonized samples to c) first instar colonized samples to d) uncolonized 

samples. PERMANOVA and marginal PERMANOVA tests support the 

significant difference of sample groups based on fire history and based on 

beetle vs. phloem samples. Taken together, these results indicate that the 

fungal communities found in the uncolonized phloem samples are the most 

different from the fungal communities found in the beetle samples, and that as 

time goes by, the fungal communities found in the colonized phloem samples 

begin to shift from resembling the pre-colonization/uncolonized phloem 

fungal community to resembling the fungal communities found on and in the 

bark beetles, which are different between burnt and unburnt sites. This pattern 

could mean that the trees start with a similar fungal community (regardless of 

forest fire occurrence), but then the bark beetles introduce fungi that replace 

the initial fungal community over time, and this bark beetle-introduced fungal 

community is different depending on whether or not the site has been affected 

by forest fire. 

A similar pattern was also observed when a core community of 15 OTUs 

(defined as the group of OTUs occurring in at least 30% and a minimum 

average relative sequence read abundance of 1% in at least one of the eight 

sample groups), which collectively account for 73% of the sequence reads 

included in the dataset used in the analysis of bark beetle and phloem samples 

combined. Of the 15 core OTUs, seven could be identified to a UNITE SH 

that had a species name assigned. In both burnt and unburnt sites, the 

uncolonized phloem samples (from pre-col, first instar, and third instar 

combined) is dominated by a single OTU (an average of 59–60% of the 

sequence reads in both cases), which likely belongs to the Helotiales 

(Ascomycota). The second most abundant taxon (in terms of average relative 

sequence read abundance) in the uncolonized phloem samples was 

Mycosphaerella tassiana (13%) in burnt sites and Herpotrichiellaceae sp. 

(10%) in the unburnt sites. Over time, these taxa were displaced by a fungal 

community that more closely resembled bark beetle fungal communities, i.e. 

the fungal communities in the phloem samples diverged increasingly first to 

third instar colonized phloem samples and did so differently in burnt vs. 

unburnt sites. This pattern was more conspicuous in burnt samples, however. 
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For the rest of the six sample groups (beetle, colonized first instar phloem, and 

colonized third instar phloem from burnt and unburnt sites), the relative 

sequence read abundance for core OTUs differed by sample type and fire 

history. Surprisingly, only one of the species commonly associated with T. 

piniperda was detected: Sydowia polyspora. It was detected in all eight 

samples types, but with higher average relative sequence read abundance in 

samples from burnt sites (an average of 4–8%).  Overall, this could indicate 

that the association between fungal species and T. piniperda is not a very tight 

one, which may reflect the non-mycangial nature of T. piniperda.  

Another pattern that may be reflective of a non-mycangial lifestyle was also 

observed when the phloem chemical nutrient data were analyzed. In general, 

there was a trend of decreasing nutrient quality (i.e., increasing C:N and C:P 

ratios from first instar to third instar samples) for colonized phloem from both 

burnt and unburnt sites. The opposite pattern is seen in mycangial bark beetle 

species, like Dendroctonus brevicomis, where symbiotic fungi increase the 

nutrient quality of the phloem (Six & Elser, 2019; Six & Elser, 2020). To 

statistically evaluate the relative effects of bark beetle colonization (colonized 

vs. uncolonized), sampling time (first vs. third instar), and fire history (burnt 

vs. unburnt) on nutrient ratios, partially Bayesian linear mixed-effects models 

where fitted to the data for each chemical nutrient ratio (as the response 

variable) with predictor variables fire history, bark beetle colonization status, 

and sampling time as fixed effects. Interactions between each pair of the three 

predictor variables were included in the model, as well as a three-way 

interaction term. The pre-col nutrient ratio of each tree was treated as a 

nuisance co-variate, and the interaction of tree and site was treated as random 

effects variable. The assumption of equal slopes for a co-variate was violated 

for two of the three models and didn’t change the outcome of the third, so in 

the end, the interaction between the pre-col value and sampling time was 

included in each model. The significance of fixed effect variables in each 

model were tested with type II Wald χ 2 tests. Bark beetle colonization had 

significant main effects in all three models, while sampling time had 

significant main effects for C:N and C:P. The combination of interaction terms 

that was significant varied between the three models. 

In all three cases, the main effect of fire was not significant based on type 

II Wald χ 2 tests, but there were significant interactions between fire history 

and other terms in each of the three models, indicating that fire history doesn’t 

directly affect C:N, C:P, and N:P ratios, but the effects of other variables 

depend on fire history. Put another way, the effect of other variables can be 

different in burnt vs. unburnt sites, either in direction, intensity, or existence. 

The three datasets were therefore subsequently subset by fire history and 

analyzed separately using the same model formula used in the larger models 

(except for without terms that include fire history), and type II Wald χ 2 tests 

were conducted on each. In all models, the term with the largest effect is either 

bark beetle colonization, sampling time, or the interaction between the two. 
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The significant combinations and relative effects of each fixed effect term 

included in each model (bark beetle colonization, sampling time, pre-col ratio, 

bark beetle colonization-sampling time interaction, and sampling time - pre-

col ratio interaction) varies between burnt and unburnt models for all three 

nutrient ratios. In general, how bark beetle colonization, sampling time, and 

the pre-col C:N, C:P and N:P ratios in phloem relate to each other depends on 

the nutrient ratio measured, and each nutrient ratio is affected differently by 

the combination of these variables dependent on whether or not forest fire had 

occurred. The differences in nutrient ratio patterns between colonized and 

uncolonized phloem, for example by increasing over time at different rates 

(the significant effect of sampling time in combination with the significant 

effect of an interaction between sampling time and bark beetle colonization 

on C:N in unburnt sites) or by generally different ratio levels overall (the 

significant main effect of bark beetle colonization on C:N ratios in burnt sites), 

indicate that the beetles are introducing fungi that affect the nutrient quality 

of the phloem, either directly or indirectly. The general decrease in nutrient 

value (increasing C:N and C:P ratios) for colonized phloem in both burnt and 

unburnt forests over time may indicate that the fungi introduced by bark 

beetles may benefit from the beetle with respect to dispersal, but do not appear 

to provide benefit to the beetle with respect to nutrient status of the substrate.  

Paper III: Naming the untouchable – environmental 

sequences and niche partitioning as taxonomical 

evidence in fungi 

A combined culture-based and DNA-based sampling approach was used to 

investigate the molecular, morphological, and ecological diversity of 

Archaeorhizomycetes at Ivantjärnsheden, an extensively studied field station 

(Andersson, 2016; Persson, 1980). Previous studies conducted at this site have 

revealed that OTUs representing organisms within the Archaeorhizomycetes 

exist in high abundance and with a differentiated vertical distribution 

(Fransson & Rosling, 2014; Lindahl et al., 2007). Efforts were made to isolate 

into culture the potential species within the class Archaeorhizomycetes that 

were detected in environmental DNA from this site. The 

Archaeorhizomycetes serves as a great candidate with which to develop novel 

taxonomic approaches that incorporate sequence-based nomenclature in the 

absence of available specimens for type material, and therefore an absence of 

available morphological data for currently accepted species description 

protocols. For one, the class as a whole has been abundantly and frequently 

detected in a very large number of independent studies, so there is enough data 

currently available to suggest a high species richness globally, and potentially 

a significant environmental role. Species in this class are also notoriously 
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difficult to isolate and culture, which contributes to the extremely low number 

of species described for this highly diverse lineage. Both species have 

available sequence data available for comparing homologous nucleotide bases 

and therefore concerns of describing species as new that are already described 

do not apply here. ASV inference is used as opposed to OTU clustering 

methods so that inter- vs. intra- specific sequence variation can be evaluated, 

and concerns associated with the use of OTU clustering-based methods can be 

avoided. ASV inference can, however, be influenced by sequence read 

abundance due to the pairwise sequence alignment methods used to determine 

‘real’ sequences, which results in rare but real sequences potentially being 

missed. This is also not a problem in this case, since at least for some of the 

species within the class since they have high relative sequence read abundance 

in this dataset. 

The Archaeorhizomycetes has repeatedly been shown to contain species 

that are difficult to collect, but even if efforts of collect living specimens of 

these unidentified species were unsuccessful, two other lines of evidence 

inferred using environmental sequence data could still be applied for species 

delineation. Here, one method of employing sequence-based nomenclature 

using phylogenetic and environmental evidence inferred from environmental 

DNA as taxonomical evidence is demonstrated.  By sequencing both long- 

and short- read amplicons, a dataset for ecological inference, in this case 

differential vertical distribution, and a separate dataset for phylogenetic 

inference were generated. The branch length model (Poisson tree processes 

model ; PTP) (Zhang et al., 2013) was used to develop species hypotheses 

(SH) based on taxonomic delimitation, and these SHs could be tested using 

ecological species recognition.  It was hypothesized that identified sister SHs 

of Archaeorhizomycetes would distribute differently along a vertical podzol 

soil profile between O, E, and B soil horizons as a result of niche 

differentiation. SHs that proved robust based on both of these lines of 

evidence, ecological and phylogenetic, can then be delimited and described 

using an integrative taxonomic approach, even in the absence of a living 

representative as a source for type material. 

Five soil cores were collected from each of 12 plots, and the O, E, and B 

horizons were separated and then pooled by horizon within each plot for a 

total of 36 samples. Roots from each of the 36 samples were collected and 

efforts were made to isolate and culture fungal species. In total, 160 isolates 

were collected. DNA was extracted from the soil samples and from the 

cultures. Two different sequencing approaches were taken: 1) the ITS2 region 

was sequenced using Ion Torrent and was used to generate the “ecological” 

dataset, and 2), a longer region that included the ITS region and part of the 

LSU region (~1,500 bp total length) was sequenced using PacBio technology 

to be used as the “phylogenetic” dataset. For the phylogenetic dataset, samples 

were pooled by soil horizon for those that successfully amplified (5 O, 8 E, 

and 3 B), and the three amplicon libraries were each sequenced on individual 
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SMRT chips. The number of sample replicates and the sequencing depth make 

the ecological dataset suitable to test for realized niche differentiation of 

species, while the phylogenetic dataset includes molecular characters capable 

of resolving deeper nodes in phylogenetic analyses of the class 

Archaeorhizomycetes. For both sequence datasets, reads were quality filtered 

and ASVs were inferred using the software package DADA2 (Callahan et al., 

2016).  Of the 276 recovered PacBio ASVs (referred to here as ‘pbASVs’), 41 

(52,274 reads) were determined to be within the class Archaeorhizomycetes 

based on sequence alignment of the LSU region and comparison to the LSU 

sequences of the two described species, Archaeorhizomyces finlayi and A. 

borealis. The closest known lineage to the Archaeorhizomycetes is the 

uncultured ’clade GS31’ (Tedersoo et al., 2017), and the representative 

sequence for clade GS31 (KY687760) was included in comparison to ensure 

that the 41 pbASVs were correctly identified to class. A maximum likelihood 

(ML) phylogenetic inference was generated for these 41 pbASVs using two 

Rozellomycota sequences as outgroup, since no sequences similar to GS31 

were present in the data.  For the ecological dataset, an Ion Torrent ASV 

(itASV) count by sample matrix encompassed 1,664 fungal itASVs (619,176 

reads), of which 123 itASVs (233,367 reads) were determined to be putative 

species within the Archaeorhizomycetes. To delimit phylogenetic species 

hypotheses, Archaeorhizomycetes itASVs and pbASVs were aligned with 

reference sequences for A. borealis (KF993708), A. finlayi (JF836021 and 

JF836022) and the uncultured hypothesized sister lineage GS31 (KY687760). 

The 5.8S and LSU sequences for Taphrinomycotina (Saitoella complicata, 

AY548296; Schizosaccharomyces pombe, EU916982; T. deformans, 

DQ470973; and Taphrina wiesneri, NG_027620) were used as outgroup 

sequences.  This alignment was used to generate a ML tree, and SHs were 

generated using Bayesian and ML implementations of the PTP model (Zhang 

et al., 2013) via the online web server bPTP portal (https://species.h-

its.org/ptp/). 

Of the SHs that were supported by pbASVs (SH 1–9), two pairs of well-

supported sister SHs were recovered (SH 2 / SH 3 and SH 7 / SH 8). Ecological 

species recognition was then investigated as a second line of taxonomical 

evidence to separate the two SHs within each pair for these four SHs. Model 

testing using orthogonal contrasts to compare SH 2 to SH 3 and SH 7 to SH 8 

with respect the distribution of relative sequence read abundance across the 

three niches (O, E, and B horizon) showed that the sister SHs for each pair 

differ in realized niche either significantly (SH 7 and SH 8) or with marginal 

significance (SH 2 and SH 3). Additional publicly available ITS2 sequence 

data were added to the alignment, and a new ML tree was generated to test the 

robustness of the phylogenetically delimited SHs and to evaluate sister clade 

relationships from a global sampling. In this global ML tree, SH 7 and SH 8 

remain intact, but the inclusion of publicly available sequences weakened the 

support. Based on the combination of phylogenetic and ecological evidence, 

https://species.h-its.org/ptp/
https://species.h-its.org/ptp/
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it was possible to demonstrate that SH 7 and SH 8 represent robust species, 

distinct from each other and from the two species currently described within 

the class. Diagnostic sequence regions for the two novel species 

corresponding to SH 7 and SH 8 were determined using the alignment that 

included publicly available sequences. 

Based on these results, the names A. secundus nom. seq. and A. victor nom. 

seq. were applied to SH 7 and SH 8, respectively, and in order to clearly denote 

their status as voucherless taxa, nom. seq. was been appended to each name 

following the recommendation of Lücking and Hawksworth (2018). Although 

the names technically are invalid, they can still be useful tools for 

communication, and they can serve as an example of how environmental DNA 

sequences could be designated as type material in a robust way. Though this 

is not the first study to utilize environmental DNA for classifying and 

describing new fungal species (de Beer et al., 2016; Lücking & Moncada, 

2017), it is the first to explicitly hypothesize and test fungal species detected 

in environmental DNA using an integrative taxonomical approach that utilizes 

multiple lines of evidence derived from environmental DNA. The study shows 

that robust species hypotheses can be produced using environmental DNA-

based methods in some cases, and could be named in order to encourage 

communication about the organism. 

Paper IV: Another dark taxon comes to light: A new 

class within the Pucciniomycotina (Basidiomycota) 

In paper IV, an unidentified fungal culture was revealed as the first known 

living representative for a lineage known to exist based solely on 

environmental DNA samples. This discovery was facilitated by the actions of 

two independent research groups. The first group of researchers isolated 

several fungi from roots into pure culture while searching for species within 

the class Archaeorhizomycetes in October, 2013 (paper III). None of the 

cultures were found to belong to the Archaeorhizomycetes based on ITS 

sequencing, but the unidentified fungal cultures were preserved despite not 

being of interest for their study. The second group released a study that 

revealed the phylogenetic placement of more than 40 previously unknown 

class- and order- level lineages detected in DNA from soil samples (Tedersoo 

et al., 2017). At this time, it became apparent that some of the unidentified 

fungal cultures from paper III had ITS sequences that were highly similar to 

the representative sequence of ‘clade GS25’ (Tedersoo et al., 2017). In the 

ecological and phylogenetic datasets generated in paper III, ASVs that are 

similar to the ITS sequences for the isolates were detected predominately in 

the mineral soil samples, with extremely low sequence read abundances. This 

is similar to the findings of Tedersoo et al. (2014; 2017), who found that this 
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clade appears to have a geographically wide distribution, but accounts for a 

very small proportion of sequences reads in a sample when detected. 

In August 2018, fresh mycelia from these fungal cultures were grown out, 

DNA was extracted and the ITS region was PCR amplified. Five of them were 

determined to belong to clade GS25 (HU4064, HU4147, HU4068, HU4069 

and HU4107). Fresh DNA was extracted for HU4064 and the genome was 

sequenced as part of the 1000 Fungal Genomes Project at the Joint Genome 

Institute (Grigoriev et al., 2014). For phylogenomic analysis, genome 

assemblies for 16 Pucciniomycotina species were downloaded from the JGI 

Genome Portal (Grigoriev et al., 2012). This represents all known classes 

within the Pucciniomycotina except for Cryptomycocolacomycetes, for which 

no living cultures of either of the two known species exists, and thus there is 

no possibility for genome sequencing. This analysis was conducted based on 

287 BUSCO genes sampled from across the 33 genomes (Simão et al., 2015). 

Phylogenomic analysis based on ML (generated using IQ-TREE; (Nguyen 

et al., 2015)) and ASTRAL analysis (Zhang et al., 2018) provided strong 

support for the Pucciniomycotina and for the placement of clade GS25 within 

the subphylum, which corroborates the hypotheses of Tedersoo et al. (2017). 

This analysis does not provide support for the placement of clade GS25 

represented by isolate HU4064 as sister to the rest of the Pucciniomycotina, 

which is in contrast to the position hypothesized by Tedersoo et al. (2017). 

This analysis, with the inclusion of more genetic data for comparison at the 

cost of reduced taxon sampling, did not provide strong support for the 

backbone topology, which has not been attainable in previous phylogenetic 

studies of the Pucciniomycotina either (Aime et al., 2006; Schell et al., 2011; 

Wang et al., 2015a; Wang et al., 2015b). The phylogenomic analysis in paper 

IV shows that the Classiculomycetes, a lineage containing a single order with 

three species spread across two genera (Qiao et al., 2018) (represented by 

Naiadella fluitans, the anamorph of Classicula fluitans; (Bauer et al., 2003)), 

is likely the most closely related known lineage to clade GS25. It is difficult 

to determine whether clade GS25 represents a class-level lineage, as 

hypothesized by Tedersoo et al. (2017), or instead an order within the 

Classiculomycetes using the results of the phylogenomic analysis alone as 

evidence. However, morphological and ecological evidence clearly 

distinguish clade GS25 from the Classiculomycetes. The inclusion of clade 

GS25 as an order within the Classiculomycetes would dismantle the current 

diagnosis of the class.   

Ecologically, the Classiculomycetes contains species that are associated 

with freshwater aquatic habitats (Aime et al., 2006; Bauer et al., 2003), 

especially leaf litter in freshwater habitats (Aime et al., 2014; Qiao et al., 

2018), as opposed to clade GS25, which has been detected in soil samples 

(Tedersoo et al., 2017) and isolated from roots (paper III). Further, analysis 

of the distribution of reads in metabarcoding studies available on the 

GlobalFungi database (Větrovský et al., 2020) indicate that the lineage, likely 
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represented by only a few species, is detected frequently (hundreds of 

environmental samples), albeit often in low abundance, and when sample 

metadata for environmental samples where GS25 OTUs can be found in the 

highest relative abundance in the database reveal that the samples were 

typically collected from mineral soil horizons, specifically B horizons. In 

contrast, no sequences from any of the three currently described species of 

Classiculomycetes were detected at all (possibly because of the 

disproportionately high number of environmental samples that come from soil 

as opposed to freshwater habitats). This supports the ecological distinction 

based on habitat preference, and may indicate that the distribution of clade 

GS25 is geographically broader and/or species of Classiculomycetes are rarer. 

The Classiculomycetes and clade GS25 can also be distinguished 

morphologically. The species within the Classiculomycetes have conidia with 

two, three or four lateral appendages that are long, and subapical (Aime et al., 

2014; Qiao et al., 2018). Of the three species described, the sexual stage has 

only been observed for C. fluitans, and this has only been observed to happen 

on the surface of water (Aime et al., 2014). This species is characterized as 

having basidia with subapically swollen sterigmata, are slightly curved, and 

are narrow-fusiform in shape with obtuse ends (Bauer et al., 2003). When 

isolates HU4064 and HU4147 were examined using fluorescence microscopy, 

sessile, obovoid basidia that emerge directly from generative hyphae were 

observed, which distinguishes clade GS25 from the rest of the 

Pucciniomycotina. Basidia were observed to be sessile, obovoid, and emerge 

from generative hyphae. Other unique characters observed in these cultures 

included intercalary chlamydospore-like swellings, as well as thick-walled, 

globose structures that could be conidia. Based these phylogenomic, 

ecological and morphological findings, clade GS25 is described in paper IV 

as a new, monotypic class within the Pucciniomycotina. 

This project (paper IV) also provides an opportunity to identify and 

highlight a few useful practices that could facilitate cross-study comparison 

and lead to more pleasant and surprising discoveries of living organisms to 

link to environmental DNA sequences. Researchers conducting molecular 

ecological studies could incorporate longer sequence reads so that detected 

environmental sequences can be placed into an approximate phylogenetic 

context and apply meaningful and easily communicated labels or names to 

encourage cross-study recognition. Researchers could also incorporate 

culture-based approaches to sampling, as this could lead to the discovery of 

living organisms detected in the study at hand or in other unrelated studies. 
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Concluding Remarks 

Molecular techniques have collectively helped to elucidate aspects of fungal 

diversity, such as understanding evolutionary relationships (phylogenetics and 

phylogenomics), and community structure and dynamics (metabarcoding). 

Molecular tools have had their place in taxonomy, for instance by resolving 

phylogenetic relationships or identifying environmental sequences. Molecular 

data have led to revolutionary discoveries, like high rates of convergent 

evolution in fungi and instances of cryptic species diversity, and have helped 

to conquer some of mycology’s biggest challenges, like dual nomenclature. 

But as of yet, molecular data are not widely employed as taxonomical 

evidence in the absence of morphological data about the organisms. 

In papers I and II, I demonstrated two examples of how metabarcoding can 

be used to capture comprehensive view of a microscopic community and infer 

community composition and shifts with relation to ecological conditions. In 

paper I, data showed that microhabitats are shaping soil fungal communities 

in a coastal pine forest, and that the communities observed were taxonomically 

and functionally distinct, harboring organisms that differ in the ways that they 

interact with their environments. In paper II, bark beetle-associated fungal 

community composition was affected by forest fire, and these fungi were 

introduced by the beetles to the phloem where breeding and larval 

development occurs, affecting the fungal community composition found 

there.  Further, forest fire affected the dynamics of nutrient availability in the 

phloem. 

In papers III and IV, I demonstrated that molecular methods relying on the 

use of environmental DNA can also be useful in taxonomy by providing 

phylogenetic and ecological evidence, and that utilizing and communicating 

the findings from environmental DNA may help to facilitate the possibility for 

more traditional species description using phylogenomic and morphological 

evidence. In paper III, the description of two new species using an integrative 

taxonomic approach that utilizes environmental DNA sequence data as 

taxonomical evidence provides one example of how it can be possible to 

describe fungal taxa when morphological evidence is demonstrably 

unattainable. In this way, it is possible to utilize the ever-growing body of 

environmental sequence data as a valuable taxonomic resource for 

documenting the world’s fungal diversity. In paper IV, a new fungal class is 
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described to encompass a lineage first identified using environmental DNA, 

and its first species is described with a living specimen as type material. 
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Svensk Sammanfattning 

Svampar är ett otroligt mångsidigt rike innehållande miljontals arter som 

tillsammans spelar ett brett spektrum av viktiga ekologiska roller i praktiskt 

taget alla miljöer på planeten. Dessa organismer kan finnas där de bryter ner 

dött material i en skog, förser träd med viktiga näringsämnen, eller till och 

med växer på brödet som lämnats framme på bänken. Svampar utmärker sig 

dock som svåra att observera och studera, och endast cirka 140 000 av de 

uppskattningsvis miljontals arterna på jorden har idag blivit vetenskapligt 

beskrivna. Även om svampar ständigt omger oss, missas de lätt av det 

mänskliga ögat. 

DNA-sekvensering har revolutionerat vår förmåga att upptäcka svampar. 

Genom att samla in DNA från miljöprover på vatten eller jord, har hela 

utvecklingslinje av tidigare oupptäckta svampar avslöjats. Vissa av dessa 

"osynliga" svampar detekteras till och med i prover från hela världen och 

verkar utgöra en stor andel av det biologiska samhälle de upptäckts i. Genom 

att sekvensera specifika gener från allt DNA i ett prov, en teknik känd som 

metabarcoding, kan vi få en heltäckande bild av ett svampsamhälle, inklusive 

svampar som inte kan upptäckas med ögat eller insamlad och odlad kultur. Vi 

kan börja svara på frågor som ”vilka svampar finns i det här provet?” och ”vad 

gör de där?”. Vi kan också börja identifiera svamparna som passerade under 

radarn innan DNA-sekvensering uppkomst. En av de största utmaningarna för 

dessa typer av studier är dock att så många av svamparna som återfinns i miljö-

DNA-prover ännu är okända. I den här avhandlingen använder jag 

metabarcoding för att utforska de svampsamhällen som finns i jorden i en 

tallskog, samt svampsamhällena som finns i och på barkborrar, och 

svampsamhällena i den del av trädet som dessa barkborrar angriper, 

trädfloemet. Jag visar också två olika sätt att beskriva nya svamparter som 

representeras av DNA i miljöprover. 

I artikel I användes en metabarcoding-metod för att visa hur mikrohabitat, 

som här definieras av olika jordmåner samt närvaron/frånvaron av rötter, 

formar svampsamhällen i jordar från en litauisk kustnära tallskog. Närvaron 

av dessa olika mikrohabitat stödjer en högre total svampdiversitet i jorden, 

eftersom de var och en stöder olika svampsamhällen. Vidare verkade de 

funktionella egenskaperna hos de identifierade svamparna skilja sig utifrån 

mikrohabitat, vilket tyder på att svamparna i de tre mikrohabitaterna spelar 

olika ekologiska roller. 
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I artikel II undersöktes svampsamhällena som är associerade med Tomicus 

piniperda, den vanliga tallskottsbaggen, via metabarcoding. Här togs DNA-

prover från skalbaggar, såväl som från angripna och ej angripna trädfloem från 

fyra skogar över tid, varav två hade drabbats av skogsbrand på senare tid. 

Dessutom mättes näringsinnehållet för alla floemproverna. Resultaten visade 

att barkbaggarna introducerade svamp när de angriper trädfloem, och att 

svampsamhället i trädfloemet med tiden liknar de samhällen som finns i och 

på skalbaggarna mer och mer. Dessa svampar kan i vissa fall spela en roll för 

att förändra tillgängligheten av näringsämnen i floemet. Skogsbrand visade 

sig också ha en inverkan på dynamiken i detta system, både i de svamparter 

som hittats och på det sätt som näringsämnen förändras i floemet eller skiljer 

sig mellan angripet och ej angripet floem. 

I artikel III undersöktes mångfalden av klassen Archaeorhizomycetes i en 

svensk tallskog där miljö-DNA har avslöjat att många arter av denna 

utvecklingslinje existerar i riklig mängd. Denna klass av svampar är en mycket 

varierad härstamning som uppskattas innehålla tusentals arter från hela 

världen. Både metabarcoding och kulturinsamlingsbaserade metoder 

användes, och medan arter av Archaeorhizomycetes kunde detekteras i DNA-

prover, kunde inga levande exemplar finnas. Denna studie visade att även om 

arter från denna svampklass upprepade gånger detekterats i DNA-

sekvenseringen från miljön, är det inte alltid möjligt att samla in en levande 

organism för att beskriva nya arter, inte ens från lokaliteter där DNA-

sekvensdata upprepade gånger tyder på att de finns där i överflöd. Metoder för 

att beskriva dessa arter som inte är beroende av enbart insamlingen av ett 

levande exemplar måste utvecklas, och i artikel III beskrivs två nya arter som 

ett exempel på hur detta kan genomföras. 

I artikel IV visade sig en oidentifierad svampkultur vara en levande 

representant för en utvecklingslinje av svamp vars existens endast är känd 

baserat på dess upptäckt i DNA-prover från jord. Under letandet efter arter av 

Archaeorhizomycetes i artikel III samlades ett antal oidentifierade svampar in 

och sparades i labbet. Några år senare publicerades en studie som avslöjade 

förekomsten av flera linjer av okända svampar. Av en slump hade några av de 

oidentifierade svampkulturerna DNA med sekvenser som liknade DNA-

sekvenserna för en av dessa nyligen avslöjade linjer av okända svampar, och 

nu kan en ny svampklass som innehåller en enda art beskrivas baserat på en 

biologisk organism som typexemplar. 

Sammantaget tar arbetet i denna avhandling steg mot att fylla bara några 

av de många luckorna i vår nuvarande förståelse av svampmångfald. 

Resultaten av denna avhandling ger en bättre förståelse för vilka svamparter 

som finns, hur de är fördelade och vad de kan göra för två olika miljöer. 

Beskrivningen av tre nya svamparter, varav en inom en helt ny svampklass, 

bidrar också till att upptäcka och dokumentera världens svampar. 
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